Mechanism of the Protective Effect of Yulangsan Flavonoid on Myocardial Ischemia/Reperfusion Injury in Rats

Introduction
Myocardial ischemia/reperfusion injury (MI/RI) is the most common cause of cardiac morbidity and mortality in many countries, and research on this subject has become a focus in recent years [1] . MI/RI refers to the phenomenon by which reperfusion into the ischemic myocardial tissues aggravates the injury of myocardial structure and function [2] , which can lead to arrhythmia, heart hypofunction, cardiocyte apoptosis, and other disorders [3] . The pathogenesis of MI/RI is apparently multifactorial, including the following steps: (1) intracellular acidosis, loss of intracellular K + , and accumulation of metabolites; (2) intra-cellular Ca 2+ overload, loss of gap junction expression/function, and irreversible cellular injury; and (3) elevated levels of oxidative stress, progressive accumulation of reactive oxygen species (ROS), and mitochondrial dysfunction [3] . Furthermore, research has demonstrated that apoptosis plays an evident role in MI/RI and might be an important part of pathogenesis [4] . In addition, many studies have confirmed that the overproduction of free radicals, intracellular calcium overload, mitochondrial injury and inflammatory cell infiltration induced by MI/RI are related to the activation of apoptosis genes [5] [6] . Therefore, research on the effect of YLSF on the expression of apoptosis genes such as caspase-3 and ANT1 is consequential.
Over the years, major advances have been made toward understanding the role of nitric oxide (.NO) in the ischemic biology of the heart, and it has become clear that .NO represents one of the most important defenses against myocardial ischemia and reperfusion injury [7] [8] . .NO can be generated by NOS, which catalyzes the conversion of L-arginine to .NO and L-citrulline [9] . NOS has an inducible NOS (iNOS) isoform and a constitutive NOS (cNOS) isoform. In addition, cNOS includes two isoforms: neuronal NOS (nNOS) and endothelial NOS (eNOS) [10] .
According to current studies, .NO is an important regulator of myocardial function and vascular tone under physiological conditions. .NO is a simple molecule produced primarily by endothelial cells in the cardiovascular system and plays an important regulatory role in apoptotic cell death. .NO plays a vital role in the heart under physiological conditions via its involvement in maintaining coronary vasodilatory tone [11] , inhibiting platelet aggregation [12] and the adhesion of neutrophils and platelets to vascular endothelium [13] [14] [15] and so on. The main source of cardiac .NO is generated through eNOS expressed by coronary endothelial cells and cardiac myocytes, whereas iNOS expression is low or absent in uninfected hearts [16, 17] .YLSF is a specific and eutherapeutic product prepared from the roots of Millettia pulchra (Benth.) Kurz var. Laxior (Dunn) Z. Wei (Papilionaceae) that has been used in traditional folk medicine in Guangxi province for many years [18] . The roots are widely used to treat anemia, dizziness, hyposomnia, infantile malnutrition, stroke hemiplegia and so on [18, 19] . Previous studies have demonstrated that YLSF can protect the heart against myocardial ischemia in vitro and in vivo, is capable of scavenging hydroxyl radicals and oxyradicals, has antihypoxic and anti-stress properties, improves immunity and is also anti-hypertensive [20, 21] . However, whether the generation of NOS is modulated by YLSF and its down-regulation expression of apoptosis-related genes such as caspase-3 and ANT1 remains unconfirmed, which limits the full understanding of the effect of YLSF.
Materials and Methods
Drugs and reagents YLSF was obtained from the Department of Pharmacology of Guangxi Medical University [22] . 500g decoction pieces of YLS (lot number: YLS20060302) was smashed to coarse powder and extracted with microwave-assisted extraction method for 20 min (extract solvent: 4L 60% alcohol; extract temperature: <60°C; microwave power: 240W), then the method of concentration under reduced pressure and vacuum freeze-drying were used to prepare total YLSF. Concentrated ammonia reaction, aluminium chloride reaction, magnesium acetate reaction and hydrochloric acid magnesium powder reaction were used to identify the extract to be flavonoids. 
Animals
The experimental procedures and protocols used in this investigation were approved by the Ethics Committee for the Experimental Use of Animals at Guangxi Medical University (Guangxi, China). SD rats (n=70) of both sexes weighing 250-300 g were obtained from the Guangxi Medical University Laboratory Animal Center. The rats were housed under standard conditions (20-25°C, 50-60% humidity, with a 12 h light-dark cycle) and were given standard rodent chow and free access to water.
Experimental design
The seventy Sprague-Dawley rats (rats with normal electrocardiograms selected with an MS4000 biological signal record and analysis system) were randomly divided into the following groups:
I: sham group (n =10): SD rats were subjected to thoracotomy and encircling of the LAD artery with a suture but not ligation 30 minutes after treatment with 2 mL normal saline/kg body weight; II: model group (n =10): MI/RI SD rats were subjected to ligation of the LAD artery for 30min, which was then released to allow reperfusion for 1 h; III: NS group (n=10): MI/RI + NS SD rats were treated with 2 mL normal saline/kg body weight 30 minutes before subjected to ligation of the LAD artery for 30 min, which was then released to allow reperfusion for 1 h; IV: DIL group (n=10): MI/RI + diltiazem hydrochloride (5 mg/kg) SD rats were treated with 5 mg diltiazem hydrochloride (diluted with normal saline) /kg body weight 30 minutes before subjected to ligation of the LAD artery for 30 min, which was then released to allow reperfusion for 1 h; V: YLSFL group (n=10): MI/RI + YLSF (20 mg/kg) SD rats were treated with 20 mg YLSF(diluted with normal saline) /kg body weight 30 minutes before subjected to ligation of the LAD artery for 30 min, which was then released to allow reperfusion for 1 h; VI: YLSFM group (n=10): MI/RI + YLSF (40 mg/kg) SD rats were treated with 40 mg YLSF (diluted with normal saline) /kg body weight 30 minutes before subjected to ligation of the LAD artery for 30 min, which was then released to allow reperfusion for 1 h; VII: YLSFH group (n=10): MI/RI + YLSF (80 mg/kg) SD rats were treated with 80 mg YLSF (diluted with normal saline) /kg body weight 30 minutes before subjected to ligation of the LAD artery for 30 min, which was then released to allow reperfusion for 1 h.
The 2 ml/kg body weight treatments for each group were administered via the duodenum. And diltiazem hydrochloride has an exactly protective effect on MI/RI so DIL group was set up as positive control group.
General surgical procedure
The MI/RI operation was performed 30 min after treatment administration. Rats were anesthetized with 20% ethyl carbamate (5 ml/kg body weight) and restrained in the supine position. The chest was opened through the fourth intercostal space, and the ribs were gently retracted to expose the heart. After riving the pericardium, the LAD artery was positioned between the left atrial appendage and the pulmonary conus. The LAD artery was ligated using a 5-0 silk suture. Oxygen was supplied through the trachea using Small Animal Ventilator (Shanghai Alcott Biotech CO., Ltd) with a respiration rate of 70 /min, a respirationto-expiration ratio of 1: 2 and a tidal volume of 50 mL/kg body weight. The LAD artery was ligated for 30 Zhang et 
min and released to allow reperfusion for 1 h. The sham group was subjected to an identical treatment omitting the LAD artery ligation. Subcutaneous electrodes were inserted into the limbs of the rats and were monitored by electrocardiogram (ECG) continuously throughout the MI/RI procedure with an MS4000 biological signal record and analysis system. The model was considered successfully established when the ST-segment elevated during myocardial ischemia and dropped at least 50% during reperfusion [23] .
Measurement of myocardial infarction area by Evans blue-TTC staining
The rats were administered 1.5 ml 0.5 g/L Evans blue dye via thoracic aorta retrograde injection after reperfusion. The heart was removed and washed with pre-cooled saline, and the non-myocardial tissues such as the blood vessels and fat were removed. The left ventricle was sliced into parallel 1-to 1.5-mm-thick myocardial sections. The slices were put into 10 g/L TTC solution (pH 7.4) and incubated at 37°C for 15 min. Then, the slices were washed with pre-cooled saline and fixed with 10% formaldehyde. The infarction area was not stained, the normal area was stained blue, the ischemic area was stained red, and the risk area exhibited a mix of red staining and unstained tissue. Three regions were cut and weighed (weight of infarct, WI; weight of risk, WR; weight of left ventricular, WLV), and the percentages of WI/WLV and WR/WLV were used to reflect the degree of myocardial injury.
Determination of myocardial enzyme levels and lipid peroxidation
Blood samples were collected from the abdominal aorta after reperfusion, and the serum was immediately separated from the blood samples by centrifugation for 3000 rpm at 4°C for 15 min; samples were then stored at -20°C. Serum levels of T-SOD, MDA (chromogenic reaction with thiobarbituric acid reactive substances), GSH-Px, AST, CK, CK-MB, LDH and LDH1 were evaluated. The indexes were done according to the manufacturer's instruction.
Assays for NOS activity
Serum levels of inducible nitric oxide synthase (iNOS), total nitric oxide synthase (tNOS) and constitutive nitric oxide synthase (cNOS) were measured according to the methods described in the manual for the Nitric Oxide Synthase assay kit. It was done according to the manufacturer's instruction.
Analysis of caspase-3 and ANT1 mRNA by RT-PCR
The heart was promptly removed, washed with cold saline, frozen in liquid nitrogen and preserved at -80°C. Total RNA was extracted from ischemic myocardial tissue. The reverse transcription reaction was performed using an RT-PCR kit according to the manufacturer's instructions. The 25 μl reaction volume included 2 μg of total RNA, and cDNA was synthesized by incubating at 37°C for 1 h and then at 95°C for 10 min. The cDNA was stored at -20°C. Then, RT-PCR was performed using the cDNA as a template and adding primers, mix and RNase-free water. The amplification product was visualized on a 2% agarose gel, and the gene bands were analyzed using Quantity One image manipulation software (Versions 4.62, Bio-Rad). The gray value was recorded, and the relative gray value ratio was expressed as the target gene/β-actin. The PCR primers are shown below: ANT1 (171bp, Forward primer: 5'TCTTCAAGTCTGATGGCCTG3', Reverse primer: 5'TCACACTCTGGGCAATCATC3'); caspase-3 (191bp, Forward primer: 5'GAAA GCATCCAGCAATAGGC3', Reverse primer: 5'TGAGTTCCTTCCTTTCTTTGTG C3'); β-actin (240bp, Forward primer: 5' AACCCTAAGGCCAACCGTGAAAAG 3', Reverse primer: 5' TCATGAGGTAGTCTGTCAGGT 3').
Myocardial histopathology
The ischemic myocardial samples were fixed in 4% paraformaldehyde, embedded with paraffin and cut into sections approximately 4-microm thick, followed by routine hematoxylin and eosin (HE) staining. The slides were examined under light microscopy (OLYMPUS, Japan) with a magnification of 400× by a pathologist who was blind to the experimental profile.
Results
YLSF reduced infarct size in rat hearts exposed to ischemia/reperfusion
The infarction area (presented as WI/WLV) was expanded in the model group after MI/RI. As expected, pretreatment with diltiazem, YLSFH (80 mg/kg) or YLSM (40 mg / kg) reduced the infarction area significantly (P< 0.05 or <0.01). However, there were no significant differences between the YLSFL group (20 mg/kg) and the model group (YLSFL group: 15.81±2.84% vs. model group: 18.17± 4.06%, P> 0.05). No myocardial infarction was observed in the sham group. No significant differences were observed in the risk area (presented as WR/WLV) between any of the groups (P> 0.05) (Fig. 1) . 
YLSF suppressed the elevation of myocardial enzyme activities and lipid peroxidation in acute MI/RI rats
As a consequence of MI/RI, the serum levels of AST, LDH, LDH1, CK, CK-MB, and MDA were significantly higher in the model group than in the sham group (P< 0.05 or <0.01). On the contrary, SOD and GSH-Px activities were significantly lower in the model group than in the sham group (P< 0.05). Compared with the model group, serum levels of AST, LDH, LDH1, CK, CK-MB, and MDA were lower in the DIL group and in the three groups pretreated with YLSF (P< 0.05 or <0.01). In contrast, SOD and GSH-Px activities were increased remarkably by YLSF treatment compared with the model group, especially in the YLSFH and YLSFM groups (P< 0.05) (Fig. 2-Fig. 4) .
Effect of YLSF on serum NOS production during acute MI/RI in rats
Serum tNOS and cNOS activities in the NS group and model group were lower than those in the sham group (P<0.05), and the serum activity of iNOS in the NS group and model group was higher than that in the sham group (P<0.05). By pretreating with diltiazem and YLSF (80 mg/kg and 40 mg/kg), tNOS and cNOS activities were elevated (P<0.05) and iNOS activity was reduced (P<0.05) compared with the model group. However, no significant difference was observed between the YLSF group (20 mg/kg) and the model group with regard to tNOS, iNOS and cNOS activity (P>0.05) (Fig. 5) . 
Effect of YLSF on the expression of apoptosis-related genes
Caspase-3 and ANT1 mRNA expression levels were measured using Quantity One software using the grey value expressed as the ratio of caspase-3/β-actin and ANT1/β-actin, respectively. As shown in Fig. 6 , amplification bands of ANT1 mRNA and caspase-3 mRNA can be observed at 171 bp and 191 bp, respectively. Pretreatment with diltiazem or YLSFH (80 mg/kg) both increased the expression of ANT1 mRNA compared with the model group (P<0.05), and there was no significant difference between the YLSF groups (40 and 20 mg/ kg) and model group (P>0.05). In YLSFH group (80 mg/kg) and DIL group the expression of (Fig. 6) .
Effect of YLSF pretreatment on histopathological alterations
As shown in Fig. 7 , histopathological examination of the myocardium of a rat from the sham group showed a uniform color and an intact myocardial histology without evidence of myocardial membrane damage. The model group showed uneven staining, with an enlarged interstitial region, a small amount of inflammatory cell infiltration around the interstitial region and a small hemorrhage. Treatment with YLSF generally resulted in improved pathological results compared to the model group and showed a trend of decreasing myonecrosis, infiltration of inflammatory cells, extravasation of red blood cells and edema. The DIL group showed similar results as the sham group except the DIL group had a higher degree of edema in the myocardial intercellular space.
Effect of YLSF pretreatment on ultrastructural alterations
The myocardia of the model group exhibited serious degeneration and necrosis in which the cell membranes were destroyed, the mitochondria were overly varicose and decreased, the myofilaments were soluble, and contractive band necrosis appeared. The myocardia of the model group were arranged regularly, with clear and integrated mitochondrial structures, intercalated discs and myofilaments. Compared with the model group, pathologic changes in the YLSF groups were less severe. The muscle fibers were not as irregularly arranged and exhibited less dissolution. There was also less swelling and disruption of the mitochondria and fewer abnormal mitochondria in terms of shape and size. The degree of pathological injury was less severe in the DIL group than in the YLSFH group, but it still showed some mitochondrial swelling and cell membrane effusion (Fig. 8) .
Discussion
Ligation of the left anterior descending coronary artery is a classical method for establishing the MI/RI model in animals. In our present research, the risk area (WR/ Moreover, when the cell membrane becomes permeable, a variety of intracellular enzymes are released into the blood during MI/RI, such as CK, CK-MB, LDH and LDH1. These enzymes are considered diagnostic markers of myocardial tissue damage [29] [30] [31] . Our research showed a significant elevation in the levels of CK, CK-MB, LDH and LDH1 in the model group and demonstrated that pretreatment with YLSF decreased the levels of these enzymes. The mechanism for this reduction might be related to maintenance of the membrane integrity of myocardial cells. Some animal studies have indicated that myocardial infarction enhances the activity of iNOS and that the abnormal increase of .NO participates in the process of myocardial injury. These studies have presented a positive correlation between iNOS activity and the myocardial infarction area [32] . In addition, increased iNOS activity aggravates myocardial ischemia/reperfusion injury. The function of the infarcted left ventricle is ameliorated and the infarction area is reduced by blocking iNOS. In addition, the infarcted left ventricular systolic function is improved and apoptosis is decreasing by iNOS gene knock out [33] [34] [35] . Wang also found that the increased iNOS activity is one of the significant mechanisms during MI/RI. However, there were two contradictory viewpoints on the protective effect and toxic effect about iNOS [36] . Many researches demonstrated that drugs against myocardial infarction by overexpression of iNOS [37, 38] . On the contrary, increased cNOS activity is capable of antagonizing MI/RI [39] . Our study also demonstrates that iNOS activity is increased during MI/RI and cNOS activity is increased by pretreatment with YLSF.
ANT is the most abundant protein in the myocardial mitochondrial membrane with species differences, and its isomerase exists in different tissues and is encoded by a corresponding nuclear gene [40] . There are two ANT isomerases in rats and mice, namely ANT1 isomerase and ANT2 isomerase, with strict tissue specificity. ANT1 is dominant in the myocardium [41] . ANT1 is decreased during MI/RI, and reactive oxygen species levels distinctly increased when the myocardium lacks ANT1 [42, 43] . In our study, we found that pretreatment with YLSFH (80 mg/kg) increased the expression of ANT1 mRNA compared with the model group (P<0.05), which was in accordance with the findings above. Caspase is a proteinase that is relevant to the maturity of cytokines and cell apoptosis. In addition, caspase-3 is the key enzyme of apoptosis in mammals, and various stimulating factors can lead to the activation of caspase-3, including MI/RI [44] . The proteins of the cytoplasm, karyon and cytoskeleton are degraded and deactivated. The present study shows that YLSF decreased the expression of caspase-3, whereas caspase-3 expression in the model group dramatically increased, implying that the inhibition of apoptosis may be one of the mechanisms by which YLSF protects against MI/RI.
In our present study, we found that YLSF can protect the heart from MI/RI as evidenced by the improved ultrastructure of the mitochondria, myofilaments and intercalated discs. In addition, the histopathological examination demonstrated apparent myocardial damage in the model group compared with the sham group. Extensive cloudy swelling, hyperemia, sinusoidal distension and focal vacuolar degeneration were also observed in the model group. Our results indicated that YLSF restored most of these pathological heart lesions, thereby demonstrating the compound's cardioprotective action. Infarction area is considered a key criterion for estimating MI/RI injury and is directly related to the prognosis of patients in clinic [45] . It is worth noting that YLSF can significantly reduce the myocardial infarct area compared with the model group. There was no significant difference in the risk area (presented as WR/WLV) between YLSF group and the model group (P>0.05).
In conclusion, our study showed that YLSF increases T-SOD, GSH-Px, ANT1 and cNOS levels and decreases the infarction area and caspase-3, iNOS, MDA, AST, CK, CK-MB, LDH and LDH1 levels. In addition, YLSF improves the histopathological characteristics and the ultrastructure of the tissue. These results imply that reducing lipid peroxidation damage, regulating the activity of NOS and modulating the expression of genes associated with apoptosis by pretreating with YLSF is a feasible therapeutic strategy for treating MI/RI.
